Protein folding is a relatively fast process considering the astronomical number of conformations in which a protein could find itself. Within the framework of a lattice model, we show that one can design rapidly folding sequences by assigning the strongest attractive couplings to the contacts present in a target native state. Our protein design can be extended to situations with both attractive and repulsive contacts. Frustration is minimized by ensuring that all the native contacts are again strongly attractive. Strikingly, this ensures the inevitability of folding and accelerates the folding process by an order ofmagnitude. The evolutionary implications of our findings are discussed.
Understanding the mechanism of protein folding is a fundamental problem in molecular biology (1) . Key issues include the prediction of three-dimensional protein structure from one-dimensional sequence information and the inverse problem of designing sequences that fold into a desired threedimensional structure. One of the puzzles of the dynamics of protein folding, called the Levinthal paradox (2) , is the rapidity with which a polypeptide chain folds into the native state even though an exhaustive search is ruled out, due to the enormous number of all possible conformations. More generally, the dynamics of protein folding is one of a class of optimization problems involving the minimization of a fitness function characterized by complex structure and many local minima (for example, see refs. [3] [4] [5] [6] [7] [8] .
It is well known that lattice models, in spite of their simplicity, capture many of the features of protein folding (9) (10) (11) (12) . Sali, Shakhnovich, and Karplus (SSK) (13, 14) have carried out extensive studies of a simple model of a 27-bead self-avoiding chain on a simple cubic lattice to determine what the thermodynamic and kinetic requirements are to obtain rapid folding to the global energy minimum. They find that as long as the native state is a pronounced global minimum on the potential surface and the temperature is high enough to overcome the barriers between local minima, the ground state is reached within 50 million time steps in a Monte Carlo (MC) simulation-the protein is said to have folded. The SSK study (13, 14) used overall attractive contact energies (denoted by Bij) similar to those of real proteins as described by Miyazawa and Jernigan (15) that were randomly assigned to the monomers of the self-avoiding chain and captured the hydrophobic effect in globular proteins. The attractive interactions lead to compact conformations of the polypeptide chain being favored and allow for a complete enumeration of the low-energy portion of the conformation space.
A protein contains 20-25% of acidic and basic groups (16) that are ionized or protonated under physiological conditions. The repulsion between like charges leads to the interactions becoming frustrated. [Iori et al. (17) have shown that linear heteropolymers with quenched frustrated interactions have a unique folded phase.] In addition, frustration in heteropolymers can arise from geometrical effects of excluded volume or an inability to satisfy all the hydrophobic and hydrophilic interactions simultaneously. Wolynes and collaborators (8, (18) (19) (20) (21) have shown that the principle of minimum frustration distinguishes between natural proteins and random heteropolymers-in proteins, side chains contribute coherently to supersecondary structures and there is a harmonious relation between secondary structures and tertiary folds (9) . This principle leads naturally to a large stability gap that is a measure of the energy gap between the states with a structure similar to that of the native state and the lowest energy state among those that bear little structural resemblance to the native structure. In simple situations, the stability gap may be correlated with the energy gap (13, 14) between the native and the first excited state. Goldstein et al. (20, 21) have used the maximization of the stability gap of proteins of known sequences and structures as a means of determining the optimal interactions between amino acids and have successfully predicted folding structures for new sequences.
A key issue is whether this propensity of proteins to fold rapidly is due to the evolutionary selection of sequences that tend to have larger stability gaps than random sequences and how one may design such proteins. We will demonstrate that an idea similar to the notion of strong disorder in spin glasses (22, 23) can indeed be used to design protein sequences that are strongly folding. When the exchange interactions in an Ising spin glass are widely separated, frustration, or the inability of a spin to satisfy all the exchange interactions of its neighbors simultaneously, while present, is irrelevant and the nontrivial ground state of the spin glass can be obtained trivially. Operationally, this can be achieved by rank-ordering the exchange interactions in decreasing magnitude and arranging the mutual spin orientations to satisfy as many of these as possible in order of decreasing strength. We will use this rank-ordering idea in our protein design-however, we will not require the monomer interactions to be widely separated. We first select a compact conformation as the target structure of the folded protein and identify the contacts-two monomers i and j are in contact with a contact energy Bij if they are not successive in sequence and yet next to each other. We work with the same distribution of By values as SSK (13, 14 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (7) is X(T) = 1 -Yp2, where pi = exp(-Ei/kBT)/Z, Z = Xexp(-Ei/kBT), Ei is the energy, and only maximally compact self-avoiding conformations are considered. X (7) is a measure of the degeneracy of the heteropolymer chain and may be used to characterize the transition between a state with many equivalent conformations to a unique folded state. We find a small value of X over a wide range of low temperatures indicating the relative stability of the native state. The last entry in the table denotes the temperature at which X = 0.8. The value of T(X = 0.8) is significantly higher for the partially repulsive case underscoring the relative stability of the native state among the compact conformations. The MC simulations were carried out at a temperature of 1.3, which is the mean value of T(X = 0.8) for the folding sequences in the SSK study (13, 14) . It is important to note that, in our studies, this temperature is low enough that the native state is more stable than the denatured states (26, 27) . Considering only the maximally compact conformations, the probability that the system is in the native state is equal to 1/2 at temperatures between 2.1 and 6.7 for the cases studied.
The energy gaps between the native state and the first excited state among the maximally compact conformations are larger than in the SSK study (13, 14) and are between 2 and 14 times the temperature of the MC runs. We also carried out several runs at a temperature of 1 SSK study (13, 14) , since the native state for randomly chosen contact energies of either sign (repulsive or attractive) is not necessarily nor likely to be maximally compact. Since an exhaustive search of only the maximally compact conformations is feasible, it is not possible to identify the ground state of the chain. Our simple idea of protein design allows us to assign the strongest attractive interactions to the native contacts thus ensuring that the ground state is maximally compact and known. This scheme is consistent with both maximal compatibility and minimal frustration (8, (18) (19) (20) (21) . To study this case, we have carried out another set of MC folding simulations in which, for simplicity, the interactions are randomly attractive or repulsive with equal probabilities. Strikingly, now the measured foldicity is 1 and the folding is much faster than in the purely attractive case (Table 1) . Fig. 1 demonstrates that the energy gaps between the native and first excited state are indeed large. (Note that while the ground state is exact, the first excited state is obtained just within the set of maximally compact conformations. The true first excited state in the partially repulsive case may not be maximally compact.) The relative stability of the native state among the maximally compact configurations is significantly higher for the partially repulsive case. Typical MC trajectories are shown for both the purely attractive and partially repulsive cases (Fig. 2) . In both cases, the dynamics are similar and entail the collapse of the random coil state to a more compact form (due to the attractive interactions). The second stage involves an evolution in the manifold of the semicompact globular state until a rapid folding into the native state occurs. We observed Fig. 2 (8, 28) . The incorporation of repulsion hastens the process of folding by about an order of magnitude (Table 1) due to a significant reduction in the phase space that the chain needs to explore (Fig. 3) -an energetic funnel to the native state has been created. This speeding up is consistent with the increase in the folding transition temperature (8) , which is a measure of the thermodynamic stability of the native state, for the partially repulsive case. The number of repulsive contacts remains small (typically c3) during most of the MC run (Fig. 2) . Our results may have implications for real proteins. They suggest that sequences of proteins may have evolved in such a way as to minimize the frustration and maximize the compatibility of its elements and, thus, have a large propensity to fold. This may also apply to the structure of RNA and other self-assembly processes. It is interesting to note that a sequence will fold to its unique native state when the most favorable interactions are alloted to the native contacts independent of the precise nature of the assignment (in our model, there are 28! ways of doing this). This suggests that nonhomologous sequences can have the same structure (29) (30) (31) (32) . Our results raise the possibility that changes in activity and stability of a protein take place through convergent evolution whereas the acquisition of a specific conformation by nonhomologous proteins may have a divergent evolutionary origin.
Our results have implications for protein design and engineering. Extensive experimental studies have shown that it is possible to successfully design proteins that fold into approximately correct structures (33) . While protein design is generally carried out at the level of monomers to obtain the desired conformation of a fragment of protein, a few studies have focused on tuning the interactions (34) or generating alternative interactions (35, 36) at specific parts of proteins. The present study is an example of the latter approach and involves the engineering of interactions to design sequences. Further, to achieve the goal of designing unique native structures, the idea of negative design to block certain structures of protein segments is rapidly gaining importance (37) . For example, the protein helix has been designed to block unwanted alternatives of reverse topology of helix bundles whereas betabillin excludes edge to edge aggregation of (3-sheets (37) . Our studies of the reduction of phase space during the folding process of the partially repulsive heteropolymer chains is an example of the general concept of negative design.
In summary, we have worked out the condition for maximum foldicity of polypeptide chains based on a principle of maximum compatibility. We have found that the process of protein folding is speeded up significantly by the presence of repulsive groups, which suggests a solution to the Levinthal paradox. While our studies have been carried out in a wellcharacterized lattice model, the governing principle ought to be valid more generally and indeed in real proteins. A crucial aspect of our work is that the design of the protein as well as tests of the foldicity have been carried out with the same interaction potentials. [Our scheme is a simpler version than that used by Shakhnovich (38) in a different context.] Our studies have implications in devising algorithms for designing proteins and for prediction of their structure from the sequence information.
